In this report, we describe an experiment conducted at Kennedy Space Center in the biomass production chamber (BPC) using soybean plants for purification and processing of human hygiene water. Specifically, we tested whether it was possible to detect changes in the rootassociated bacterial assemblage of the plants and ultimately to identify the specific microorganism(s) which differed when plants were exposed to hygiene water and other hydroponic media. Plants were grown in hydroponics media corresponding to four different treatments: control (Hoagland's solution), artificial gray water (Hoagland's+surfactant), filtered gray water collected from human subjects on site, and unfiltered gray water. Differences in rhizosphere microbial populations in all experimental treatments were observed when compared to the control treatment using both community level physiological profiles (BIOLOG) and molecular fingerprinting of 16S rRNA genes by terminal restriction fragment length polymorphism analysis (TRFLP). Furthermore, screening of a clonal library of 16S rRNA genes by TRFLP yielded nearly full length SSU genes associated with the various treatments. Most 16S rRNA genes were affiliated with the Klebsiella, Pseudomonas, Variovorax, Burkholderia, Bordetella and Isosphaera groups. This molecular approach demonstrated the ability to rapidly detect and identify microorganisms unique to experimental treatments and provides a means to fingerprint microbial communities in the biosystems being developed at NASA for optimizing advanced life support operations. ß
Introduction
The NASA advanced life support (ALS) initiative is intended to develop bio-regenerative life support systems for an international space station, a lunar base, and a mission to Mars. This necessitates creating a combination of physico/chemical and biological systems that can regenerate the material needed to sustain life for long time periods and possibly without the potential of re-supply. For example, e¡ective puri¢cation and processing of the human hygiene water may be accomplished through the combined e¡ects of root-associated microbial activity and plant evapotranspiration with plant biomass production systems. Since the largest waste stream (by mass) expected in extraterrestrial facilities is hygiene water, this approach would signi¢cantly reduce the overall costs of life support by eliminating the need for separate water processing systems.
On Earth, bacteria and plants perform most of the recycling of C, N, P, O and S [1] . It is reasonable to assume that a bio-regenerative ALS for a space vehicle or colony will also rely on the activity of bacteria and plants to perform this function. Here, we describe the characterization of bacteria present on the roots of soybeans which have been used to treat gray water in a biomass production chamber (BPC) at Kennedy Space Center. Much of the previous microbiological research in the ALS program involved culturing isolates. Only recently has any informa-tion on the bacterial population structure within the biosystems under development by NASA been reported using molecular methodologies [2] which have been shown to provide a means to address the ecology of`unculturable' bacteria [3] .
In this study, we have employed a rapid 16S ¢ngerprint-ing method which utilizes £uorescent end-labeling of PCR product (16S rRNA genes) and screening by terminal restriction fragment length polymorphism (TRFLP) [4] to directly monitor di¡erences in root-associated bacteria resulting from the gray water treatment. TRFLP analysis is a powerful tool that has been used to compare microbial community structure and diversity in a variety of di¡erent laboratory and natural settings [5^10]. The procedure entails labeling all target genes on one end through the use of a single £uorescently labeled primer during the PCR step. The various target genes in the mixture are identi¢ed by digesting with a restriction enzyme and conducting a size separation to create a microbial ¢ngerprint.
When we compared the TRFLP ¢ngerprints generated from control and experimental treatments, we found distinct di¡erences in microbial populations on soybean roots exposed to all experimental treatments. Unique 16S rRNA genes associated with roots were identi¢ed and sequenced. Some 16S rRNA clones were typical of root-associated or soil bacteria (e.g. Pseudomonas strains), while others were more distantly related ( 6 96%) to Variovorax or Bordetella like groups. This information on the bacterial population inside an ALS will be crucial in predicting whether design improvements in single, lab-based studies can be used to replicate microbial communities in larger biological hardware being built for space.
Materials and methods

Growth and environmental parameters for soybean plants
A 90-day study was conducted with soybean (Glycine Max L. Merr.) cv. Hoyt in the BPC at Kennedy Space Center [11] . The BPC is a 1.8U2.4-m, walk-in growth chamber with lighting of s 800 Wmol photons m 32 s 31 provided by 16 high-pressure sodium lamps for a 12/12 h photoperiod. The corresponding thermoperiod used in this study was 26/16³C. Relative humidity was maintained at 85% (light/dark) for the ¢rst week during germination and acclimatization and then lowered to 65% for the remainder of the study. The CO 2 was maintained at 1200 parts per million (ppm) within the BPC using an infrared gas analyzer computer and monitoring/control system. [12] . For actual gray water samples, volunteers showered onsite with igepon and the gray water were collected and stored in carboys at 4³C until use. Filtered gray water was created using a mini tangential £ow system (0.2 Wm pore size), prior to addition to the hydroponics tank.
For the ¢rst 10 days, water lost from the tanks via evapotranspiration was replenished manually with daily additions of distilled water to maintain a constant solution volume (20 l). After 10 days, each tank received appropriate amendments of distilled water, synthetic gray water, un¢ltered and ¢ltered gray water to maintain a solution volume of 20 l. The pH of the hydroponic solution was continually monitored and automatically adjusted to 5.8 with additions of 0.2 M HNO 3 . Nutrients were replenished as determined by electrical conductivity of the major ions. E¡orts were made to minimize cross contamination of reservoirs by limiting direct human exposure to the hydroponic media used in the study and by extensively rinsing all sampling equipment with distilled water when working with the treatments.
For extraction and concentration of rhizosphere bacteria, two plants were selected from each tray after 75 days and small sections of root (V1 cmU1 cm) were removed. Suspensions of rhizosphere microorganisms were produced by shaking the duplicate root samples in ¢lter-sterilized nutrient solution twice for 2 min in the presence of glass beads (2 mm). Thus, a total of four rhizosphere bacterial extractions were recovered for each hydroponics treatment.
Community level physiological pro¢ling (CLPP) of rhizosphere bacteria using BIOLOG
Rhizosphere suspensions were diluted 1:19 in deionized water and inoculated into BIOLOG GN microplates [13, 14] . An average well color development of 0.75 absorbance units and a midpoint in overall color development of approximately 60% of the wells demonstrating a pos-itive signal were used as a reference point for analysis as previously described [15] . Principal component analysis (PCA) of the 95 response variables (absorbance at 590 nm) at the 0.75 reference point was used to examine the relationship in the pattern of response among samples.
DNA extraction and ampli¢cation
Bacteria were concentrated from the four rhizosphere washes at each treatment by centrifugation at 100 000Ug for 3 min in a Beckman Optima TL ultracentrifuge with a TLA 100 rotor using standard 1.5-ml microcentrifuge tubes. DNA was extracted from each bacterial cell pellet using a procedure modi¢ed from Kerkhof and Ward [16] . The cell pellets were resuspended in 50 Wl of bu¡er (50 mM glucose/10 mM EDTA/25 mM Tris (pH 8.0)) and underwent four freeze/thaw cycles at 380³C/37³C. To this bacterial suspension, 175 Wl of bu¡er, 100 Wl of bu¡er containing 10 mg ml 31 lysozyme and 75 Wl of 500 mM EDTA (pH 8.2) were added. The mixture was incubated at room temperature for 5^10 min before lysing the cells with 50 Wl of 10% sodium dodecyl sulfate. The resulting cell lysate was extracted twice with 800 Wl of Tris (pH 8.2)-saturated phenol:chloroform:isoamyl alcohol (25:24:1) with 0.1% 8-hydroxyquinoline. The mixture was vortexed vigorously to form an emulsion and centrifuged at 14 000Ug for 3 min. Sodium acetate (50 Wl of 3.0 M) along with 2 Wl of 20 mg ml 31 glycogen was added to the aqueous phase and the DNA was precipitated with 1 ml of 100% ethanol. DNA was pelleted at 16 000Ug for 15 min at 4³C, dried under vacuum, then resuspended in 100 Wl Tris^EDTA bu¡er.
TRFLP and cloning of 16S rRNA genes
A direct DNA ¢ngerprinting method [4] was used to assess the rhizosphere bacterial community for the various experimental treatments. The method is based on ampli¢-cation of 16S rRNA target genes using the universal eubacterial primers (27 Forward (5P-AGA GTT TGA TCC TGG CTC AG-3P) and 1525 Reverse (5P-AAG GAG GTG WTC CAR CC-3P)) [17] with the 27 Forward primer £uorescently labeled with 6-FAM (5(6)-carboxy-£uores-cein) on the 5P end (Gibco Life Technologies, Gaithersburg, MD, USA).
The following ampli¢cation parameters were used to label the 16S rRNA genes from the bacteria present in the rhizosphere: template concentration ( 6 10 ng), primer concentration (20 pmol), initial denaturation at 95³C for 5 min, then 94³C for 0.5 min, 55³C for 0.5 min and 72³C for 1.5 min (20^30 cycles), and a ¢nal extension at 72³C for 10 min in a Perkin^Elmer Gene Amp PCR system 2400 thermal cycler (Perkin^Elmer, Foster City, CA, USA). This £uorescently labeled PCR product was then digested for 6 h with the restriction endonuclease MnlI (New England Biolabs, Beverly, MA, USA) to produce a mixture of variable length, end-labeled 16S rRNA fragments. The labeled fragments were electrophoretically separated on a polyacrylamide gel in an ABI model 373 automated sequencer and the data analyzed using Genescan software (Perkin^Elmer, Foster City, CA, USA) with a peak height detection of 50. The resulting electrophoretograms were compared with the ¢ngerprint generated directly from the control treatments to identify the endlabeled fragments unique to the experimental treatments. Cloning of 16S rDNA genes used the same primers as above. However, a uracil rich cloning region on the 5P end was included for both primers. The Cloneamp System (Gibco BRL, Gaithersburg, MD, USA) was used to clone the various 16S rRNA target genes as per the manufacturer's instruction. The resulting plasmids were transformed into Escherichia coli (DH5K).
To isolate the full length 16S rRNA genes bearing the MnlI site that corresponded to unique peaks from the experimental electrophoretograms, £uorescently labeled target genes were created from each recombinant plasmid as follows : a small portion of recombinant E. coli cells was resuspended in 10 Wl of sterile MilliQ water. A mixture of PCR bu¡er, dNTPs, Taq polymerase, £uorescently labeled 27 Forward primer and M 13 primer was used to amplify the recombinant 16S rRNA gene directly from the E. coli cells. Screening of the library was accomplished by combining three separate £uorescent ampli¢cations of recombinant clones into one tube and digesting with MnlI as described above. Using this multiplex strategy, 96 clones could be visualized upon a single sequencing gel on the ABI 373. The lanes bearing the target peaks of interest were identi¢ed and all three recombinant clones from that particular lane were sequenced using 27 Forward and 519 Rev (GWA TTA CCG CGG CKG CTG). Double-stranded sequence was screened against GenBank with BLAST [18] to assess identity of the recombinant 16S rRNA genes. 
Results and discussion
PCA of the CLPP indicated that the major e¡ect in the data (i.e. separation along the ¢rst principal component) was the di¡erence between all gray water treatments from the control treatment (Fig. 1) . The secondary e¡ect (i.e. separation along the second axis) was the di¡erence between samples from the ¢ltered gray water and synthetic gray water treatments. Minimal variation within experimental or control treatments could also be observed (Fig. 1) . This analysis suggests that the presence of the surfactant, but not the particulate material (including human-associated microorganisms), within gray water affected the rhizosphere communities as quanti¢ed by CLPP.
TRFLP analysis of 16S rRNA genes was then used to further characterize the root-associated bacterial communities induced by the di¡erent hydroponic media. Analysis of duplicate plants harvested from a single hydroponics tray using this method showed nearly identical TRFLP ¢ngerprints (see Fig. 2 ), indicating the extraction procedure for root-associated bacteria was reproducible and that negligible PCR bias was introduced during the initial £uorescent labeling step. 
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To determine the 16S rRNA genes present on roots for the experimental treatments but not abundant on control roots, genomic DNA from all four extracts (representing two plants and two root washes per experimental treatment) were combined. The results are presented in Fig. 3 . A total of 44, 38, 47 and 26 TRFLP peaks were detected for the control, arti¢cial, ¢ltered gray water and un¢ltered gray water, respectively. A comparison of the ¢ngerprints from the rhizosphere microbial populations indicated the Hoagland's control ¢ngerprint was dominated by a single peak at 248 bp with an arbitrary £uorescent signal of 1400 and a number of minor peaks apparent with £uorescent signals 3-fold lower. All gray water treatments contained this dominant 248-bp peak. However, a much higher number of other major peaks was observed in the experimental treatments which were not apparent in the control ¢nger-print. (These peaks are indicated by the arrows in Fig. 3.) To assess the degree of similarity from aligned ¢ngerprints from all samples, we performed a pairwise comparison of TRFLP ¢ngerprints using the formula Sab = 2U(# of common peaks/total # peaks in ¢ngerprints a+b) [19] . The results are presented in Table 1 and suggest the control treatment was 61%, 59% and 26% similar to the arti¢cial, ¢ltered and un¢ltered gray water treatments, respectively. The arti¢cial treatment was 59% and 31% similar to the ¢ltered and un¢ltered treatments and the ¢ltered/un¢ltered gray water treatments were only 30% similar to each other. Much of the di¡erence between samples was found to be from minor TRFLP peaks with heights less than 70 arbitrary £uorescence units. For comparison, the similarity index for the duplicate plants shown in Fig. 2 was 84%, again with much of the di¡erence coming from the minor peaks.
To get a more detailed understanding of the di¡erences between the rhizosphere microbial communities of the various treatments, we overlaid the arti¢cial gray water and the un¢ltered gray water ¢ngerprints with the control ¢n-gerprints. The results are presented in Fig. 4 . A number of TRFLP peaks unique to these experimental treatments are discernible. Analysis of 96 recombinant clones from 16S rRNA gene libraries created from these experimental treatments indicated that a subset of the unique gray water TRFLP peaks had been cloned (see Fig. 4 and Table 2 ). Some clones (such as SS B3) corresponded to smaller peaks in the community ¢ngerprint, while others (such as SS F11) were the dominant peak in the pro¢le.
Sequence analysis of the ¢rst 500 bp from the various 16S rRNA genes demonstrated that many of the major peaks in the TRFLP ¢ngerprints (eight of 10) could be assigned a clone from either the SS or the SU library (Table 2 ). This investigation revealed that most root-associated, small subunit ribosomal clones were a¤liated with bacterial strains described from previous studies of rootassociated bacteria or soil bacteria such as Klebsiella, Pseudomonas, Variovorax, Burkholderia, Bordetella and Isosphaera groups. However, the degree of identity for the soybean SSU clones was generally not strong and ranged from 67 to 99% to known SSU sequences in the database ( Table 2 ). The accession numbers for the 16S rRNA genes obtained in this study are AF210710^21. Finally, two recombinant clone pairs, (SS F11/SU D6) and (SS F12/SU A2), with identical TRFLP peaks were found in both the arti¢cal and un¢ltered gray water libraries. These clone pairs (SS F11/SU D6) and (SS F12/SU A2) di¡ered by one or two base pairs at the sequence level, suggesting the number of di¡erent SSU genes underlying each TRFLP peak is not large.
In conclusion, the most consistent shift in the rhizosphere communities appeared to be caused by exposure to the surfactant (i.e. igepon) rather than the bacteria associated with gray water. Both CLPP and TRFLP patterns were more similar among all gray water treatments than the control plants. These results indicate that under these experimental conditions, actual microbial load may be less important than the surfactant in determining rhizosphere populations. Presumably, the igepon a¡ects the surface properties of the developing root tissue allowing for colonization of a speci¢c subset of the microorganisms present in the system.
The research presented here begins to address the questions of factors controlling microbial diversity in an ALS system and provides important baseline information critical for design and optimization of microbial-based biosystems. Since unrecoverable waste must be collected, stored, stabilized, for return to Earth, small improvements in e¤ciency translate to large reductions in mass necessary for containment in space-based systems. Additionally, each pound of resource that can be successfully recovered further reduces the mass which must be lifted into orbit to sustain the crew. Without information on the bacterial population inside the`black box', it becomes impossible to predict whether design improvements in single, labbased studies can be successfully applied to biological hardware being built for the International Space Station, a lunar colony, or a Mars mission. Furthermore, reliability of biological subsystems can be most rigorously tested by searching for presence and activity of the microorganisms which perform speci¢c functions. 
